SrO-Sb 2 O 3 -P 2 O 5 glass system was prepared by high temperature melting method. The effects of Sb 2 O 3 and P 2 O 5 content on the structure, thermal behavior and chemical durability of the glasses were studied by infrared spectrometer, thermal dilatometer, differential thermal analyzer and constant temperature water bath heating. It can be concluded that the characteristic temperatures of the glasses increased firstly and then decreased with the increasing of Sb 2 O 3 content, whereas the tendency of the coefficient of thermal expansion (CTE) varied inversely. The crystallization ability of the glasses was significantly increased and the water resistance was reduced for Sb 2 O 3 content of 35 mol % and 40 mol %. The glasses with 20 mol %, 25 mol % and 30 mol % Sb 2 O 3 showed better performance in every respect than the others and the glasses containing 25 mol % Sb 2 O 3 , characterized by the best performance, can be chosen as host glasses for further research.
Introduction
Low-melting glasses have been widely used for sealing as a kind of solder in automotive industry, aerospace, electronics and coatings. There are many advantages of sealing glasses, such as good moisture resistance, air tightness, high temperature resistance, small expansion coefficient, etc. [1] . In the past several years, most commercial sealing glasses were lead-based with large amount of PbO, which is deleterious to health and environment. Restrictive environmental norms which limit the applicability of PbO systems due to their polluting emissions have been issued. Therefore, the measures to find feasible alternatives has been undertaken [2, 3] .
Phosphate glasses with unique physical properties, such as low viscosity, good fluidity, low transition temperature and wide range of CTE, which make them superior to silicate and borosilicate glasses for low-melting applications, seem to fulfill such requirements [4] . However, the problem faced by such systems is that they usually suffer from poor chemical durability due to the * E-mail: wangzq@dlpu.edu.cn existence of easily hydrated phosphate chains [5] . Several studies have shown that the addition of various oxides can modify the durability of phosphate glasses [6] [7] [8] . SrO is one of the oxides that can enhance the glass forming ability and improve the chemical stability [9] . To decrease the transition temperature (T g ), Sb 2 O 3 are usually selected. The SrO-Sb 2 O 3 -P 2 O 5 based system of glasses became a novel ternary system for low-melting applications. Up to now no experiment has been conducted to evaluate the influence of composition on the structure and properties of SrO-Sb 2 O 3 -P 2 O 5 glasses.
In this paper, the SrO-Sb 2 O 3 -P 2 O 5 glasses with different compositions were fabricated and the basic properties of the glasses were tested by infrared spectrophotometer, horizontal dilatometer and differential thermal analyzer. The effect of Sb 2 O 3 and P 2 O 5 content on the glass properties was analyzed. Furthermore, an optimized composition of the ternary system was given.
Experimental
The glass-forming region of the SrO-Sb 2 O 3 -P 2 O 5 system, illustrated in Fig. 1 , was studied by numerous previous experiments. The open circles represent the transparent glass samples and the close circles denote crystallized samples, while the half-open circles denote opaque samples with phase separation. It can be seen that the glass-forming region crosses the entire ternary system, from 45 mol % to 70 mol % P 2 O 5 . According to the glassforming region, 10SrO(20+x)Sb 2 O 3 (70-x)P 2 O 5 system was designed to research the effect of Sb 2 O 3 content on the glass structure and properties (Table 1) (Table 1) here. Fabrication of the glass samples was carried out by a melt-quenching process using chemically pure (NH 4 ) 2 HPO 4 , SrCO 3 and Sb 2 O 3 as raw materials. The well-mixed batch materials were pre-treated at 300°C for 3 h to avoid the evaporation of P 2 O 5 at high temperature. After that, the mixture was melted in a high purity alumina crucible at 1100°C for 2 h. Quenched in a graphite mold, the formed glasses were annealed in a muffle furnace at 400°C for 0.5 h and cooled down slowly to room temperature.
The bulk glasses were machined into cylinders with the dimension of Φ 5 × 50 mm to measure characteristic temperatures (T g and T f ) and CTE, using a horizontal dilatometer (PCY, Xiangtan Instrument, China). Besides, thermal stability was tested by a differential thermal analyzer (WCR-2D, Beijing Photics, China) under a heating rate of 15°C/min. The infrared spectra of the glasses were obtained by an infrared spectrophotometer (PE, model spectrum One-B). Rectangular (5 mm × 5 mm × 20 mm) samples were also prepared for water durability testing. The specimens were polished and then immersed in deionized water at 50°C for 12 h to evaluate the weight loss of a unit surface area (mg/cm 2 ). An average weight loss of the glass was calculated from 5 samples. 3. Results and discussion
Structural analysis
Infrared spectra of the samples are shown in Fig. 2 . The absorption peak at about 1284 cm −1 is attributed to the P=O bonds stretching vibration and the absorption peak at 1040 cm −1 is due to the stretching vibration of P-O tetrahedra [10] . In addition, the absorption peaks at 912 cm −1 and 775 cm −1 are ascribed to the symmetric and asymmetric stretching vibrations of P-O-P bonds [11] [12] [13] , respectively. The band around 538 cm −1 is the absorption peak of bending vibration of P-O bonds, δ(P-O), of Q 0 tetrahedra [10] . The absorption shoulder at 629 cm −1 is caused by the vibration of P-O-Sb linkages [1, 14, 15] . It is obvious that for S35 and S40 the intensities of the bands at 1284 cm −1 and 775 cm −1 decreased markedly, because the excessive Sb 2 O 3 could not take part in the glass network due to inadequate free oxygen provided by SrO when the content of Sb 2 O 3 exceeded 30 mol %. As a network modifier, Sb 2 O 3 can provide free oxygen to glasses, which is able to break P=O bonds and decrease the vibrations of P-O-P bonds [15] . 
Thermal behavior
The effect of Sb 2 O 3 content on the characteristic temperatures (T g and T f ) and CTE of the glasses is shown in Fig. 3 . It can be seen that with increasing of Sb 2 O 3 , the CTE of the glasses initially decreases, and then increases with further increasing of Sb 2 O 3 . At the same time, the increasing of Sb 2 O 3 at first causes the increase of the characteristic temperatures but then the temperatures decrease. The characteristic temperatures and CTE of the glasses are primarily correlated with the glass composition and structure [16] . The integrity of the glass structure is associated with the increase in the characteristic temperatures but the drop of CTE. As Sb 2 O 3 plays an important role in the glass as an intermediate network oxide, in S20, S25 and S30, Sb 3+ can participate in the glass-network because of the free oxygen provided by SrO, which can strengthen the network structure, so these glasses have high characteristic temperatures and low CTE. It is also obvious that S25 has the highest characteristic temperature and the lowest CTE. This illustrates that Sb 2 O 3 can participate in the S25 glass network in the largest extent. On the contrary, the glass samples of S35 and S40 have lower characteristic temperatures and higher CTE because in those glasses there is an excess of Sb 3+ as the network modifier, which causes the glass-network weakening [1, 15] . Simultaneously, in this ternary system of phosphate glass, plenty of P 2 O 5 is replaced by Sb 2 O 3 with much lower melting point, leading to the worsening of its properties. Fig . 4 shows the DTA curves of the glasses. It is clear that the crystallization peaks have occurred only in S35 and S40 glasses. In S20, S25 and S30, Sb 3+ takes part in the network structure as a glass network former. The enhancement of the network structure and dynamic viscosity impede the migration of Sr 2+ , thus, the crystallization activation energy of the glasses improves and the crystallization ability decreases. In S35 and S40 there is an excess of Sb 3+ in the glasses as a network modifier due to inadequate free oxygen provided by SrO, thus, plenty of Sb 3+ tend to accumulate and the network of the glasses is weakened [17] . Correspondingly, the crystallization ability of the glasses increase.
Water durability
The water durability of glasses with various Sb 2 O 3 content is shown in Fig. 5 . It is clear that the glasses with Sb 2 O 3 less than 30 mol % have good water durability (S20, S25 and S30). However, the weight loss of the glasses increased rapidly when It is well-known that the poor water durability of phosphate glasses is attributed to the breaking of phosphate chains and their dissolution in water [18, 19] . All the Sb 3+ may have joined the network as the network modifier in S20, S25 and S30 glasses. The P-O-Sb bonds are corrosion resistant because of their high polarizing power [15] . However, when Sb 2 O 3 content increased from 30 mol % to 35 mol %, there was inadequate free oxygen provided by SrO for Sb 2 O 3 to take part in the network, so the excess Sb 2 O 3 broke the glassnetwork as a network modifier. This caused the water resistance of the glasses to decrease and the weight loss of the glasses increased markedly (Fig. 5) . At higher concentrations (from 35 mol % to 40 mol %), Sb 2 O 3 as a replacement of water soluble P 2 O 5 is difficult to remove from the glass because of larger ionic radius. As a result, the chemical stability of S40 is better than that of S35 but worse than S20, S25 and S30.
Conclusions
Phosphate glasses based on the system 10SrO(20+x) Sb 2 O 3 (70-x)P 2 O 5 (x = 0, 5, 10, 15, 20) were fabricated. The structure, thermal behavior and water durability at different Sb 2 O 3 contents were measured along with the analysis of the changes in the structure. The following conclusions can be drawn from our experimental results. showed the best performance in comparison with the others and it was selected to produce host glasses for further research.
